Abstract: Many consider gravity-flow irrigation inefficient and deride its use. Yet, there are cases where gravity-flow irrigation can play an important role in highly productive and profitable agriculture. This perspective article reviews the literature on the profitability and efficiency of gravity systems. It then reviews the history of water management in Yuma, Arizona, which is one of the most productive agricultural areas in the United States. Through extensive changes in irrigation technologies, changes in production practices, and investments in irrigation infrastructure, Yuma agriculture dramatically shifted from perennial and summer-centric crop production to winter-centric, multi-crop systems that are focused on high-value vegetable crops. These innovations have led to improvement in various irrigation efficiency measures and overall water conservation. Return flows from the system, which were once characterized as an indicator of inefficiency, provide valuable environmental services to the Colorado River Delta ecosystem. Yuma's history illustrates that innovative gravity-flow systems can be productive and water-conserving, and that a system-wide perspective is critical in evaluating irrigation systems.
Introduction
Gravity-flow (or flood) irrigation is often characterized as "wasteful", "primitive", or "inefficient" [1] [2] [3] [4] [5] [6] . Despite this characterization, gravity flow remains the most prevalent mode of irrigation worldwide, largely because of the low energy requirements relative to alternatives [7] . It remains the dominant mode of irrigation, even among developed countries in regions such as southern Europe and the western United States [7, 8] . It is true that pressurized irrigation systems (such as sprinkler or drip) can achieve higher levels of on-farm application efficiency than traditional gravity systems. Yet, there are also counter-examples throughout the world of farming systems that have achieved high levels of on-farm application efficiency [7, [9] [10] [11] . The management of gravity systems is not static. Farmers support and experiment with quite sophisticated systems, such as ones relying on computerization, automation, and real-time optimization [7, [9] [10] [11] [12] [13] [14] [15] [16] . Further, simple measures of on-farm application efficiency ignore more comprehensive aspects of basin-wide efficiency ditch has "gates" or "valves" installed in the side of the ditch, which are opened to release water from the ditch into furrows or into a border. Siphon tubes are short tubes that are usually made of aluminum or plastic and are used to "siphon" water from an open ditch into furrows or borders. This system is difficult to precisely manage, and it requires the most labor to avoid breaks in the ditch and to manually reset the gates or siphon tubes.
A Gated Pipe System is a surface pipe that is usually polyvinyl chloride (PVC) or aluminum fitted with spaced closeable gates or holes permitting the water to flow into furrows, borders, or basins. The regulating gates are usually controlled manually, but can be automated. When soil conditions permit, gated pipe systems may be modified to improve irrigation efficiency by delivering water in either one initial surge (cablegation) or multiple smaller surges (surge control). These systems can be modified so that a surge control valve alternates water delivery through two sets of gated pipe to provide water to the furrows in timed surges.
Cablegation is a modified gated pipe system using a moving plug attached by a cable inside the pipe to deliver water sequentially to furrows, starting with a large initial surge of water that then declines in volume.
Poly Tubing is a thin-walled, flexible plastic tube that has holes punched to permit water to flow into furrows, borders, or basins. Poly tubing is usually used only one year, because the walls are so thin that the retrieval process destroys the tubing.
Underground pipe delivery has the advantage of being underneath regular farming operations and able to push water uphill with pressure. Underground pipe can be steel, concrete, or PVC, and can be pressurized. Risers are spaced at regular intervals to bring water to the surface where it can be channeled into furrows, borders, or basins. Gated pipe systems can be attached to the risers to provide the delivery to the field. Using surface pipe for the final distribution enables better water management and reduces the number of risers in the field.
Pressurized Irrigation Systems
Sprinkler Systems are pressure-driven, spraying irrigation water in the air above the crop canopy or below the crop canopy to mimic precipitation. Sprinkler systems are subject to wind drift and high evaporation in windy, hot climates. Sprinklers require pressure, which is usually supplied with pumps. They can be used with surface water systems, but pumps are needed to pressurize the system. Many variations of the basic technology redesign existing systems to reduce the pressure requirements and energy needed for pumping.
A Center Pivot System is a self-propelled electronic or hydraulic continuously moving sprinkler or spray nozzle system that travels around a center pivot point; the land is irrigated in a circular pattern. The system may have lower pressure requirements, as the propulsion system is not water-driven. Some soils require larger spread patterns of the water, necessitating higher pressure.
A Linear Move Tower System is a self-propelled continuous move side-roll system on a tower; it is a center pivot system adapted to move in a line and designed for use on square fields. Water is supplied to the unit by a flexible rubber hose.
A Solid-Set or Permanent System is set in place and not moved through the irrigation season. In the case of a solid-set, a hand-move system is placed in the field at the start of the irrigation season and left in place throughout the season. Permanent systems rely on buried pipes with only the risers and sprinklers above ground.
A Side-Roll, Wheel-Move System is a wheel-move lateral line that is designed for use on rectangular or square fields and low-growing crops (three to four feet high or less). The unit is moved by a small gasoline engine that rotates the distribution pipe (axle) with six to eight-foot wheels. The unit is moved a fixed distance based on the revolutions and wheel diameter. Water is supplied via a supply line at one end and it is disconnected, moved, and reconnected across the field.
A Big Gun or Self-Propelled Traveler System is a large single water gun mounted on a trailer or cart that projects water through a single nozzle up to 200 feet. They may be moved in fixed increments, Sustainability 2018, 10, 1548 4 of 27 self-propelled by a separate engine, or hydraulically continuously moved. Water is supplied through a flexible rubber hose. These systems often require grass to support the trailer.
A Hand-Move System consists of a portable aluminum pipe with risers and sprinklers attached that is moved by hand one or more times per day to meet crop irrigation requirements.
Another pressurized irrigation system is the Low-Flow Technologies-Drip, Trickle, or Micro-sprinkler, which supplies water through emitters/nozzles attached to a supply pipe or porous tubing. The system is designed to be operated daily or frequently to apply only a small amount of water. Water applications may be managed to meet crop needs with the potential for near-zero loss. The technology is associated with high-valued crops (such as orchards, vineyards, and vegetables) because of substantial installation costs.
Economics and Adoption of Gravity-Flow Irrigation
Caswell and Zilberman [17] developed the seminal theoretical framework to evaluate the economics of irrigation technology choice. Their approach highlighted the land quality-augmenting properties of irrigation technologies, along with the engineering features affecting irrigation cost. These factors were introduced into a farm-level economic model to examine how (among other things) the relative profitability of gravity-flow irrigation, sprinkler irrigation, and drip irrigation varied with land quality and water prices. They argued that sprinkler and drip irrigation were "land-augmenting" technologies, substituting for land quality. Their model suggested sprinkler and drip systems would be relatively more profitable (and more widely adopted) in areas with low land quality and more expensive water. Gravity-flow irrigation would be relatively more profitable (and more widely adopted) in areas with heavy and leveled soils, and where water was less expensive. The advantage of sprinkler and drip irrigation is that they both augment the water-holding capacity of soils that lack this capacity more naturally or have greater slopes. Water costs are generally higher in areas relying on well water (as opposed to surface water), and higher still in areas where well depths are greater. Conversely, water costs (and the advantage of gravity-flow) would be greater in areas relying on surface water.
Results from empirical studies are largely consistent with this theoretical framework. Caswell and Zilberman [19] found higher rates of adoption of gravity-flow irrigation among farms with lower water costs and those using surface water (although results were only marginally significant). In a study of irrigation technology choice (sprinkler versus gravity-flow) across more than 5000 United States (U.S.) farms, Negri and Brooks [20] found that the adoption of gravity-flow systems was negatively associated with water price and soil slope, and positively associated with reliance on surface water. Adoption of gravity-flow systems was associated positively with clay soils and negatively with sandy soils. Negri and Brooks [20] noted, "Traditional gravity systems [that are] applied to land with high water-holding capacity due to high clay content and level slopes can achieve application efficiencies comparable to sprinkler irrigation. Conversely, lands with porous soils or steep slopes are unsuitable for gravity irrigation because of excessive deep percolation or runoff (p. 214)".
A study of citrus groves in Israel and Gaza found that the adoption of gravity systems was greater in groves facing lower water costs [21] . Using both farm-level and field-level data from the San Joaquin Valley of California, Dinar et al. [22] found that the adoption of gravity-flow irrigation was greater where surface and groundwater costs were lower, where slopes were lower, and where fields had a greater water-retention capacity. Green et al. [23] also found evidence that the probability of a farm adopting gravity irrigation (relative to sprinkler irrigation) was higher on farms facing lower water costs, with lower soil permeability, and with less slope. Consistent with Negri and Brooks [20] , they found the effects of soil characteristics to be greater than those of water price. Examining U.S. county-level data, Mendelsohn and Dinar [24] found that a longer slope length (which indicates flatter land) encouraged gravity system use. The greater water-holding capacity of soils increased the use of all irrigation technologies, but had a greater marginal effect for gravity systems. Counter to other studies, they found a greater access to surface water increasing the use of sprinkler irrigation.
Frisvold and Deva [25] examined irrigation choice among growers in 17 U.S. western states from the 2008 U.S. Department of Agriculture (USDA) Farm and Ranch Irrigation Survey (FRIS). They found higher rates of gravity-flow adoption among smaller farms (in terms of sales) and farms that had a greater reliance on surface water and lower water costs (accounting for the combination of paid prices and pumping costs). Irrigation choice was also significantly affected by an index of sheet and rill erosion, which captured the effects of rainfall, field slope, and soil water-holding capacity. This index increases with field slope and decreases with water holding capacity. As one might expect from Caswell and Zilberman [17] , the adoption of sprinkler irrigation was increasing (and gravity-flow irrigation decreasing) with this index. A follow-up [25] found similar results: gravity-flow adoption was greater in areas where soils had a lower erodibility index and farmers relied on surface water, had lower overall water costs, and had lower sales [26] . In another multi-state study of western U.S. agriculture, Olen et al. [27] found that, for vegetables, having a groundwater supply increased the probability of adopting sprinklers by 21% and decreased the probability of adopting gravity systems by 16%. They argued that pumping groundwater requires pressurization, which is conducive to sprinkler and drip systems that require pressure to distribute water to crops, in contrast to gravity systems. In a study of Arkansas farms, Huang et al. [28] found that higher soil permeability was associated with a greater probability of using sprinkler systems and a lower probability of using gravity-flow systems.
Some of the studies cited above also considered the effects of climate on choices of irrigation technology. Studies that focus on small geographic areas often have too little cross-sectional variation in climate variables to have any statistical power (e.g., Dinar et al., 1993 [22] ). Yet, studies over broader areas have found that climate has significant effects on irrigation technology. Negri and Brooks [20] and Mendelsohn and Dinar [24] found higher rates of sprinkler adoption in areas with greater rainfall. Negri and Brooks [20] argued that sprinkler use would be greater in high rainfall areas, because growers there face greater risks of crop damage from unexpected rainfall following flood irrigation. In hot, arid regions, in contrast, evaporation losses can be large with sprinkler technology, reaching levels close to 50% under extreme conditions in Arizona or Southern California, according to one study [29] . According to Negri and Hanchar [30] , "Farmers in hot or windy regions are more likely to adopt gravity, since a large fraction of water applied with sprinkler systems evaporates under these climate conditions" (p. 9). Olen et al. [27] argued that, above critical temperature thresholds, high evaporative losses negate the efficiency advantages of sprinklers. This can make them less economical compared to gravity or drip systems. Mendelsohn and Dinar [24] also noted problems of large evaporation losses and that "sprinkler systems are more frequently adopted in cooler locations with a lot more rainfall" (p. 338). Negri and Brooks [20] found gravity adoption was greater in areas with more frost-free days and longer grower seasons, suggesting that sprinklers were better suited for frost protection. In contrast, longer growing seasons were associated with warmer climates where sprinkler evaporation losses are greater. Olen et al. [27] cited several studies reporting the frost-protection advantages of sprinkler irrigation over other systems. Mendelsohn and Dinar [24] also pointed out that sprinkler adoption rates were inversely related to temperature. Other studies also found higher rates of gravity-flow adoption with warmer summer temperatures and warmer fall/winter temperatures [25, 26] . Mendelsohn and Dinar [24] stated, "Farmers currently use gravity systems to adapt to high temperatures".
Both theoretical modeling and empirical findings suggest that gravity-flow irrigation is relatively more profitable and more likely to be used in areas with (a) low irrigation costs (which is often also associated with reliance on surface water); (b) land with less slope; (c) land with lower soil permeability; and (d) areas with longer growing seasons and higher temperatures.
Irrigation Efficiency and Water Use
Improving irrigation efficiency is frequently cited as a promising response to climate change or water scarcity in general [24, [31] [32] [33] [34] [35] [36] . It can allow irrigators to lower water costs and improve yields, thus increasing profits. There have been frequent arguments made by academics, non-governmental Sustainability 2018, 10, 1548 6 of 27 organizations, and governmental agencies that water may be conserved by encouraging the adoption of more "efficient" irrigation technologies, with gravity-flow irrigation held out as an example of inefficiency [1] [2] [3] [4] [5] [6] [37] [38] [39] . Meanwhile, several developed countries have expanded subsidy programs to encourage the adoption of these technologies [40, 41] .
Claims of water conservation are often based on the farm-level measures of irrigation efficiency, which is also known as the amount of diverted water taken up by the crop. Based on their theoretical model, Caswell and Zilberman [17] noted, "The impact of the new technology on aggregate water demand is not clear cut . . . for example, it may reduce water use on the farms that switch to the new technology; but, on the other hand, more land will be placed in production, which will tend to increase water demand" (p. 810).
Increasing the share of water used by the crop means less water is available to recharge aquifers or serve as return flows for downstream uses [42] . Increasing this measure of water-use efficiency can actually reduce other metrics of efficiency. The following data from New Mexico (Table 1) illustrates this point [42] . Table 1 compares three measures of water-use efficiency between flood and drip irrigation for 13 crops. The first is irrigation efficiency (measured by evapotranspiration (ET)) per volume of water applied. The second is water-use efficiency (crop yield divided by water consumptive use (ET) per acre [43] . The third is the blue water footprint [44] . This is the inverse of water-use efficiency (i.e., water consumptive use (ET) per acre divided by yield). The first indicator measures the share of applied water used by the crop. The second measures the amount of crop produced for a given volume of water consumed. The third measures the volume of water that is needed to produce a given amount of a crop. For flood irrigation, 42-56% of the water applied is taken up by the crop (ET/water applied) for the 13 crops considered, with a median of 44% ( Table 1 ). The remainder of the water "in excess of ET is not lost because it returns into the basin from which it was withdrawn via surface runoff or deep percolation. This water can be available to other users at other times in other locations" (p. 18,215 [42] ). For drip irrigation, water reaching aquifers through deep percolation or river basins through surface runoff will be "reduced, possibly to nearly 0, through drip technology" (p. 18,216 [42] ). Even though the full 100% of drip irrigation applications will not be taken up by the crop, remaining volumes may still be unable to reach aquifers or basins in a usable form. Since more water is used by the crop, yields are usually higher under drip irrigation. While water-use efficiency is higher (and the blue water footprint is lower) for five of the 13 crops, for the other cases, drip does not provide superior water-use efficiency. Notably, drip irrigation is more water consuming (per amount of crop produced) for lettuce and wheat.
Despite the widely-held belief that increasing on-farm irrigation efficiency through improved technology (i.e., technologies with higher ET/application ratios) will conserve water at a system-wide Sustainability 2018, 10, 1548 7 of 27 level, research findings supporting this belief is decidedly mixed. Numerous studies have shown under which conditions the adoption of these supposed water-conserving technologies do not lower, and can actually increase, water use [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . These have largely been theoretical, mathematical programming, or simulation model studies.
The possibility that improving efficiency can actually increase resource use dates to at least Jevons's [56] 19th century observations about demand for coal. The large number of studies cited above suggest this Jevons Paradox [57] could well hold for water. Aside from modeling results, there is empirical evidence that improving on-farm irrigation efficiency need not conserve water. Studies from the U.S. Great Plains suggest the switch from flood irrigation to center pivot-irrigated induced farmers to plant more acres and shift cropping patterns, negating water conservation potential and increasing groundwater extraction [58, 59] . Despite extensive U.S. agricultural technology adoption subsidy programs intended to promote water conservation, there is little evidence that the subsidies have met stated goals. During a period of large program expansion (2003) (2004) (2005) (2006) (2007) (2008) , absolute volumes of water applied and water applied per acre increased over the Lower Colorado Basin, Upper Colorado Basin, Pacific Northwest, and the Great Basin regions. While absolute water use declined in California, this was due entirely to reductions in irrigated acreage. The volume of water applied per acre in California increased [60] . Another study of U.S. irrigation technology adoption subsidies found that while there was some evidence that payments may have reduced the amount of water applied per acre, they may have also encouraged an expansion of irrigated acreage, increasing net water applications [61] .
Reducing return flows can also have negative effects on third parties. Increased on-farm irrigation efficiency means that the crop-rather than its surrounding soil-takes up a greater share of the water that is applied. However, this also means that less water returns to the system (as groundwater recharge or surface-water return flow). Other downstream irrigators often count on this return flow or recharge for their water supplies. Similarly, reducing the water lost through the conveyance system results in lower return flows or recharge that is no longer available to other irrigators, urban water users, or ecosystems. The ecosystem services of such return flows can be important for maintaining riparian species. Many riparian systems now depend on these return flows, which are subject to changes in managed, hydrological systems that have been altered to accommodate human water uses [7, [62] [63] [64] [65] [66] [67] . Thus, what may seem a rational response to water scarcity by irrigators at the farm level may exacerbate water scarcity problems at the basin scale. Policies to increase irrigation efficiency with the hope of freeing up water for other uses may fail to conserve water. Consequently, the scope and limits of conserving water simply through technological fixes have undergone greater critical scrutiny.
Irrigation in the U.S. Southwest
All three base technologies (gravity, sprinkler, and drip) are used in the U.S. Southwest ( Table 2) . The USDA Farm and Ranch Irrigation Survey (FRIS) for 2013 [68] reports 4380 irrigated farms in Arizona irrigating 851,407 acres, and 44,347 farms in California irrigating 7,543,928 acres. Farms use more than one type of irrigation technology on about 20% of the acreage. About two-thirds of Arizona farms rely on gravity irrigation to distribute water on about 88% of irrigated acres. Fewer California farms (about one-third) rely on gravity technology, but it is used on over 60% of the irrigated acres. The FRIS reports farms and acres that control water in gravity systems by using rows or furrows, borders, or basins, or do not control water (Table 3) . For both Arizona and California, about 10% of farms apply more than one type of control method. In Arizona, most farms rely on border/basin control, but most of the acres are irrigated down rows of furrow. In California, most farms and acres rely on border/basin gravity water control. The selection of row/furrow or border/basin is largely a function of the crops grown. For example, cotton or corn silage are better suited for row/furrow, while alfalfa, orchards, and wheat are better suited for border/basin water control. In Arizona, most farms and acres rely on lined ditches for on-farm delivery. That is consistent with well-established surface water supply systems and surface irrigation, which are both present in Arizona. Respondents in California surprisingly reported unlined ditches as serving the most acres, but most of the farms relied on underground pipe. It is possible that water is piped to the field, and then unlined ditches are utilized in the field.
Sprinklers are not a primary irrigation technology in most areas of Arizona and California. Between 30-40% of these farms utilize sprinklers, but on less than 30% of the acres. On the sprinkler-irrigated areas in Arizona, more farms rely on hand-move systems, but more acres are irrigated with center pivots (Table 4 ). The hand-move systems are typically used on small holdings, small fields, or vegetable or other high-value crops. Center pivots are typically found on groundwater-supplied, larger fields with forage or grain crops. California sprinkler irrigation relies more on solid-set and permanent systems. About 40% of the farms and acres with sprinkler irrigation rely on this relatively capital-intensive, but lower labor technology. Over half of the irrigated farms in California have low-flow technology on about 37% of the irrigated acreage. The technology is less prevalent in Arizona, with 11% of farms using low-flow technology on about 6% of the state's irrigated acres. Finally, whatever the technology, someone must decide to start and stop the water to the crop. While technologies represent the potential for an efficient irrigation system, the operator of that system still must make informed decisions on water-application flow and timing to translate the technology's potential into reality. A well-managed gravity system may be more efficient than a poorly-managed pressurized system. The 2013 FRIS also asked producers what they considered when making irrigation decisions. Almost 75% of farmers look at their crop when making an irrigation decision ( Table 5 ). The only surprise with that value is that it is not higher. What is surprising is that about 15% of the farms in Arizona and 12% of the farms in California have no control over scheduling irrigations because they are scheduled by the water district. This makes it difficult to change to lower-volume, more frequent irrigations, which can attain greater efficiency. About 20% of the farms in Arizona gather information from more advanced technologies or techniques when making irrigation decisions. The irrigation decisions may not be much different than those relying solely on crop condition, but the confidence in the decision should be greater. In California, 42% of farms rely on advanced technologies and techniques for improving their irrigation decisions. 
A Yuma Case Study
The Yuma Project of the U.S. Bureau of Reclamation (USBR), which was authorized by the U.S. Secretary of Interior in 1904, provides water from the Colorado River to irrigate about 68,000 acres near the towns of Yuma, Somerton, and Gadsden (all in Yuma County, Arizona) as well as Bard and Winterhaven, California. The project is comprised of a Reservation Division in California and a Valley Division in Arizona. For this case study, the term Yuma may apply to the entire project area and not just Yuma County, Arizona. Irrigated crop production in Yuma was initiated in the late 1800s and has flourished for more than 100 years in part because of a long, nearly frost-free growing season, fertile soils, and the dependable availability and quality of irrigation water. Over the past 40 years, crop production systems changed dramatically as the area developed into a primary location for U.S. winter vegetable production. Yuma County ranks fourth among 2802 U.S. counties with vegetable sales (including melons and potatoes) and ranks second in lettuce acreage among 1049 U.S. counties [70] . This change entailed a shift from perennial and summer-centric crop production to winter-centric, multi-crop systems focused on producing high-value vegetable crops. Growers quickly realized that traditional approaches to crop irrigation had to be modified in order to address the challenges of irrigating large acreages of shallow-rooted vegetables. Consequently, growers adopted a number of improved irrigation practices that collectively have resulted in a significant decrease in the amount of water used for irrigation.
Yuma Area Agriculture: 1970 versus 2010
Yuma agriculture is exceptionally productive compared with the rest of the United States. In 2012, Yuma County gross crop revenues per acre of cropland averaged $3595 per acre, compared with a national average of $589 per acre [71, 72] . The climate is conducive to year-round crop production, allowing production of a wide range of cool and warm-season crops. The alluvial soils along the Colorado and Lower Gila rivers produce exceptionally high yields provided that irrigation water is readily available. Crop yields in Yuma County are typically higher than yields for equivalent crops in the rest of Arizona and are nearly always higher than the national average [71] .
Agricultural production has changed significantly in Yuma over the past four decades. The production systems of the 1970s focused on perennial crops (e.g., alfalfa and citrus), or warm season crops (e.g., cotton and sorghum) ( Figure 2 ). The dominant winter crop was wheat, which served as the transition crop for growers rotating from cotton to alfalfa, or the second crop in multi-crop Irrigated crop production in Yuma was initiated in the late 1800s and has flourished for more than 100 years in part because of a long, nearly frost-free growing season, fertile soils, and the dependable availability and quality of irrigation water. Over the past 40 years, crop production systems changed dramatically as the area developed into a primary location for U.S. winter vegetable production. Yuma County ranks fourth among 2802 U.S. counties with vegetable sales (including melons and potatoes) and ranks second in lettuce acreage among 1049 U.S. counties [70] . This change entailed a shift from perennial and summer-centric crop production to winter-centric, multi-crop systems focused on producing high-value vegetable crops. Growers quickly realized that traditional approaches to crop irrigation had to be modified in order to address the challenges of irrigating large acreages of shallow-rooted vegetables. Consequently, growers adopted a number of improved irrigation practices that collectively have resulted in a significant decrease in the amount of water used for irrigation.
Agricultural production has changed significantly in Yuma over the past four decades. The production systems of the 1970s focused on perennial crops (e.g., alfalfa and citrus), or warm season crops (e.g., cotton and sorghum) (Figure 2 ). The dominant winter crop was wheat, which served as the transition crop for growers rotating from cotton to alfalfa, or the second crop in multi-crop production systems that included vegetables or melons. Less than 17% of the irrigable land was planted to vegetables in 1970, and just 10% of the land was planted to multi-crop production systems.
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The growth in Yuma vegetable production reduced water use through its impact on crop production seasons. Water requirements of multi-crop systems are often less than those for perennial and full-season production systems. Crop evapotranspiration (ETc) rates of leafy green vegetables, broccoli, and cauliflower typically range from 12 to 18 inches. When combined with ETc from the second crop-durum wheat (ETc 20 ), spring melons (ETc 19 ), sudangrass (ETc 36 ), or short season cotton (ETc 34 )-the combined ETc of multi-cropped systems is often less than the traditional cropping systems of the 1970s ( Figure 5 ). Multi-cropped systems use less water because the crop following vegetables matures in late spring (wheat and melons) or midsummer (cotton and sudangrass), eliminating the need to irrigate during the latter half of the summer, when evaporative demand is high. This impact is evident comparing monthly farm water deliveries in the 1970s to those during the most recent decade (Figure 6 ). Farm water deliveries in valley districts supporting vegetable production have decreased substantially between July and September. During the past decade, only from October to December-the establishment months for winter vegetables-have water deliveries increased (relative to the 1970s).
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Irrigation Efficiency (IE) is often defined as water used by the crop consumptively (ETc) relative to that applied to the crop. This expression can have local (field-level) or global (district-wide) ramifications. More recently, "water used beneficially" has replaced ETc in the definition of IE.
Water-Conveyance Efficiency (WCE) is the ratio of water reaching the farm to water diverted from its source. This water may or may not be accounted for in a district-wide assessment of irrigation efficiency, but would be excluded from estimates of farm-level efficiency.
Application Efficiency (Ea) refers to the depth of water required relative to the amount of water applied in a single irrigation event. The required depth is typically the amount of water that is required to offset soil water depletion resulting from ETc, but may include a leaching fraction for salt management. Ea usually needs to be discussed concurrently with distribution uniformity. This refers to how uniformly water is applied to a field. For example, field-wide Ea may be high, but if distribution uniformity is low, parts of the field will be under-irrigated and/or over-irrigated.
Water-Use Efficiency (WUE) is defined as marketable yield relative to ETc [43] . Economic Water Productivity (EWP) is defined by the United Nations (UN) Food and Agriculture Organization as the monetary value generated from each unit of water consumed [75] . It is the monetary value of production divided by ETc. While monetary values of crops are readily available by agricultural statistical agencies reported at regional or national scales, data at the same scales are rarely available for ETc. It is more common for water "use" to be reported as the volume of water applied to farms or the volume of water diverted from a source for irrigation.
There are beneficial uses of water that may or may not be imbedded into these expressions of efficiency. For example, land that is fallowed for part of the summer is frequently pre-irrigated before the produce season to leach salts that accumulate during the summer. Atmospheric evaporative demand is high in summer, and water moves by capillarity from the underlying moist soil to the dry soil surface in the fine textured soils of the valley. Water evaporating from the surface leaves behind soluble salts that must be leached below the crop root zone to preclude salt damage to sensitive vegetable crops such as lettuce. Pre-irrigation also hastens residue decomposition (e.g., wheat or cotton stubble), providing moisture for seed-bed preparation. Pre-irrigation water would be considered in measures of district-wide efficiency, but would generally not be considered in measures of individual crop WUE.
Another beneficial use is water that is used for microclimate modification. Thermodormancy inhibits the germination of lettuce and other vegetables. Appreciable amounts of water are often used during stand establishment to moisten seed beds and reduce near-surface soil temperatures to combat thermodormancy during late summer and early fall. Water used this way might reduce water-use efficiency relative to ETc, but is required for successful stand establishment. Water is also occasionally used for frost control. Irrigating immediately before a forecasted frost increases the heat capacity and thermal conductivity of near-surface soils and increases the dew point within the crop canopy, providing some protection from frost damage.
Recognition that not all water beneficially used is ETc prompted Burt et al. to define irrigation efficiency as the ratio of water beneficially used to the volume of irrigation water applied [76] . Beneficial uses include salt removal (leaching), climate control, soil preparation, and water harvested in the crop (e.g., water contained in harvested melons, produce, etc.). Burt et al. identified another performance indicator, irrigation sagacity, which he defined as the water used for both beneficial and reasonable uses relative to water applied. Examples of reasonable uses include sprinkler and reservoir evaporation and percolation losses due to irrigation non-uniformity [76] .
Discussion of improved irrigation management in the Yuma area must consider on-farm infrastructure used for the delivery of irrigation water. The volume of system losses to evaporation, seepage, and phreatophytes in main canals, laterals, and ditches are highly dependent on whether structures are lined or unlined or within closed conduits. Within the Yuma area, over 70% of the main canal miles are lined, nearly 90% of the laterals are lined, and over 80% of the on-farm ditches are lined.
Efficient water application requires predictable, constant, and manageable inlet flows. High-flow concrete turnouts have been installed in many areas, allowing large volumes of water to be applied to basin and border irrigated field crops. The more quickly water can be transported downstream across fields, the less time water has to infiltrate below the root zone toward the inlet end of the fields. Along with high-flow turnouts, border width is often manipulated to optimize inlet flow per unit border width, reducing irrigation time and losses due to water infiltrating below the root zone.
Yuma growers have also embraced laser leveling. The efficient overland flow of water depends on land grade, and smooth grades reduce friction or hydraulic resistance. Laser leveling was introduced into the region over three decades ago, and currently, all the fields used for crop production are laser leveled at least once a year. All the vegetable crops in the Yuma area use impounded level furrows with zero slope and do not allow for runoff [77] , and most field crops use impounded level basins. Level furrow and level basin systems represent the most efficient means of surface irrigation, with application efficiencies averaging 80-85% [78] . While some subtle slope is desirable in some cases, excess slope results in poor water distribution uniformity caused by water ponding at the downstream end, and insufficient time for infiltration at the inlet end of the field [79] .
Furrow geometry also improves water management. During the first cultivation after stand establishment, growers press the furrows into a tight trapezoidal configuration using an implement known as a press wheel or bola. The trapezoidal configuration reduces friction, enabling the rapid movement of water down furrows. Field length along the irrigation run also affects water application efficiency and uniformity. Accordingly, over the past 30 years, irrigation runs have been reduced. While irrigation runs of 0.25-0.5 miles were not uncommon in the past, current irrigation runs for vegetable crops seldom exceed 600 feet (0.125 miles less the ditches and field roads). Short runs coupled with zero slope and proper inlet flows allow for highly efficient distribution uniformities and application efficiencies (Figure 7) .
Clean cultivation is a cultural practice that has improved irrigation application efficiencies in citrus groves located on the Yuma Mesa. In the past, most citrus groves were routinely disked to control weeds. Over time, increased friction and hydraulic resistance from these roughened surface soils increased the time required to move water across the field, lowering application efficiency. Weeds are now routinely controlled with herbicides or less disruptive cultivators, resulting in smoother surfaces and faster water advance times. Efficient water application requires predictable, constant, and manageable inlet flows. High-flow concrete turnouts have been installed in many areas, allowing large volumes of water to be applied to basin and border irrigated field crops. The more quickly water can be transported downstream across fields, the less time water has to infiltrate below the root zone toward the inlet end of the fields. Along with high-flow turnouts, border width is often manipulated to optimize inlet flow per unit border width, reducing irrigation time and losses due to water infiltrating below the root zone.
Clean cultivation is a cultural practice that has improved irrigation application efficiencies in citrus groves located on the Yuma Mesa. In the past, most citrus groves were routinely disked to control weeds. Over time, increased friction and hydraulic resistance from these roughened surface soils increased the time required to move water across the field, lowering application efficiency. Weeds are now routinely controlled with herbicides or less disruptive cultivators, resulting in smoother surfaces and faster water advance times. The use of sprinklers has been a significant factor contributing to improved irrigation efficiency. Two decades ago, vegetable crops were principally established by subbing. This practice involved running water in furrows until crop emergence, which typically took seven to 10 days. Given that typical valley soils have a water intake rate of three to five inches per day, estimates for water used for subbing ranging 18-37 inches. Conversely, sprinklers used for crop establishment are typically run for 24 h continuously, and 4-6 h per day thereafter as needed to keep the soil surface moist. The typical solid-set sprinkler system used in the region delivers about 0.125 inches of water per hour. Given that a typical sprinkler system is operated for up to 68 h during crop establishment, the water required for crop establishment is reduced to approximately 8.5 inches, with three inches of establishment water remaining in the top foot of soil and available for use by the crop.
More recently, sprinklers have been used for season-long vegetable production. This is due to an increase in vegetables produced on 84-inch beds, including spring mix lettuce and brassica crops, spinach, and romaine hearts, where furrow irrigation is not possible. Sprinklers also are routinely used to establish stands in wheat, resulting in additional water savings. The use of sprinklers potentially enables growers to apply amounts of water nearly equal to the water lost to ETc. The hand-move systems used in the Yuma area are generally well designed. Yet, it is of utmost importance that sprinkler systems be operated and maintained for the uniform delivery of water. Poor distribution uniformities lead to poor efficiencies because growers adjust system run times to ensure that drier portions of the field (areas receiving lower water deliveries) receive adequate water. This leads to over-irrigation of part of the field.
Components of Irrigation Scheduling
Irrigation scheduling methods have also improved in Yuma. Three principal questions must be addressed to effectively manage irrigation. When should water be applied (irrigation timing)? How much water should be applied (required depth)? How should an irrigation system be managed to apply this required depth?
For most crops, water must be applied before available soil water is depleted to some critical threshold where a further decrease would result in irreversible yield and quality losses. This threshold, specific to each crop, is known as the management allowable depletion (MAD). Field crops often can handle higher levels of soil water depletion. For example, cotton will tolerate up to 60% depletion of available water without yield loss. Vegetable crops are more sensitive to soil water depletion and generally have lower MAD values. Using lettuce as an example, irrigation must be applied before 40% of the available water is depleted (Figure 8 ). The use of sprinklers has been a significant factor contributing to improved irrigation efficiency. Two decades ago, vegetable crops were principally established by subbing. This practice involved running water in furrows until crop emergence, which typically took seven to 10 days. Given that typical valley soils have a water intake rate of three to five inches per day, estimates for water used for subbing ranging 18-37 inches. Conversely, sprinklers used for crop establishment are typically run for 24 h continuously, and 4-6 h per day thereafter as needed to keep the soil surface moist. The typical solid-set sprinkler system used in the region delivers about 0.125 inches of water per hour. Given that a typical sprinkler system is operated for up to 68 h during crop establishment, the water required for crop establishment is reduced to approximately 8.5 inches, with three inches of establishment water remaining in the top foot of soil and available for use by the crop.
For most crops, water must be applied before available soil water is depleted to some critical threshold where a further decrease would result in irreversible yield and quality losses. This threshold, specific to each crop, is known as the management allowable depletion (MAD). Field crops often can handle higher levels of soil water depletion. For example, cotton will tolerate up to 60% depletion of available water without yield loss. Vegetable crops are more sensitive to soil water depletion and generally have lower MAD values. Using lettuce as an example, irrigation must be applied before 40% of the available water is depleted (Figure 8 ). Rooting depth for cool season vegetables averages about 18 inches, and a typical medium to heavy textured soil in the lower Colorado River Valley holds four to six inches of total water per foot of soil. However, only about 50% of this water is available for uptake by the crop. Irrigations must occur when just 40% of available soil moisture or 1.2 to 1.8 inches of water have been used by the crop. This determination can be made by direct measurements of soil moisture (soil moisture sensor in Table 5 ) or indirect estimates derived from weather-based estimates of environmental evaporative demand (daily ET reports in Table 5 ) known as reference evapotranspiration (ETos) [80, 81] . These values are used with experimentally determined crop coefficients to estimate ETc.
The minimum required depth of water to apply equals the amount depleted since the last irrigation, with a possible adjustment for leaching for salt management. For loam to clay loam soils, the required depth would be approximately 1.2 inches and 1.8 inches, respectively, for lettuce. For many other Yuma crops, the required depth of water would be greater and depend on rooting depth, MAD, and soil type. Lighter, sandy soils hold less water and require water application more often than heavier textured soils, but would require less water to refill the rooting zone each irrigation. For lettuce irrigated with Colorado River water, the required leaching is typically 20%. However, the required leaching does not have to occur every irrigation, but rather across the growing season overall to avoid detrimental salt build-up and osmotic stress. Required leaching volumes can be restricted to certain irrigations where management of mobile nutrients, such as nitrogen, are less critical. In practice, much of the required leaching can be achieved with the pre-irrigation and water applied to the rotational crops.
How an irrigation system should be managed to achieve the required water depth depends on infrastructure. For sprinkler and drip systems, the application of water to offset ETc or ETc plus a required leaching fraction is a relatively simple task if the conveyance system is well maintained and operated. Application frequency is largely a logistical consideration because low volume deliveries can be achieved. However, for surface irrigation, water application should occur when the MAD is reached, because maximum soil storage capacity is needed to avoid deep percolation losses. The optimal operation of surface systems requires the careful manipulation of flows, cutoff time, or distance, and knowledge of field hydraulic characteristics such as bed slope, friction slope, and infiltration parameters.
Since it is impossible to gain such data on every field, approximations have been developed through hydraulic modeling. If the resulting model is calibrated using field data and validated with independent field data sets, criteria for system operations can be developed for various irrigation scenarios [79, 82] and provided to growers through generalized operation manuals [83, 84] . With the proper adjustment of the factors, water-application efficiencies approaching 90% can be obtained for furrow irrigation in Yuma area valley soils.
The sandy soils on the Yuma Mesa present a special challenge for surface irrigation. Infiltration rates range from three to four inches per hour, and soil water-holding capacities run approximately 3.5 inches per foot. Assuming 50% of the soil water is available for plant uptake, a MAD of 50%, and a rooting depth of two feet for citrus, it takes only 1.8 inches to refill the rooting zone. This is difficult to achieve at infiltration rates of four inches per hour. Irrigation efficiencies for the Mesa districts have historically averaged less than 40%. However, using the technologies noted above, including laser leveling, clean cultivation, narrow borders, high flow turnouts, and water cutoff before the water reaches the end of field, irrigation efficiencies approaching 65% for citrus and 55% for alfalfa have been attained.
One proposed technique for improving Yuma irrigation efficiencies is drip or trickle irrigation. Research has shown drip irrigation can be used for vegetable crops in Arizona [85] [86] [87] . However, less than 2% of the vegetable acreage in Yuma is irrigated by drip. Drip is generally only used where production advantages compared with surface irrigation are evident, as with watermelon, and to some extent cantaloupes. There are several factors besides low-cost water and high installation costs that discourage the use of drip irrigation in Yuma. There is no production advantage for cool season lettuce and brassica crops, because wetting is insufficiently uniform to establish the crop. Sprinklers are therefore needed for crop establishment. Secondly, the need to leach salts remains. The use of buried drip irrigation leads to the accumulation of salts near the soil surface, which can only be removed through periodic leaching using flood irrigation, which significantly reduces the potential water savings. A third complication is the variable ways that crops are planted or configured in fields. For example, two-row bed lettuce and brassica crops are planted on beds oriented in a north-south direction so that one row does not shade the other. Spring melons are typically planted on the south side of beds oriented in an east-west direction to capitalize on solar warming. Many crops such as wheat and sudangrass are planted in basins. In addition, row widths can vary. Most two-row vegetable crops are planted on 40 or 42-inch raised beds, but a single row of cauliflower is planted on 38-inch beds. In many cases, two-row romaine hearts are planted on 34-inch beds, and most of the spring mix is planted on 80 or 84-inch beds. A buried drip system once installed will restrict crop rotations and planting configurations. One area where pressurized irrigation might be given further consideration is citrus production on the Yuma Mesa [88] . Both drip and micro-sprinklers are possibilities.
Basin-Scale Yuma Irrigation Efficiency
Information about irrigation efficiency on a district-wide basis is limited in Yuma [74] . One means of addressing this issue is to relate ETc to the total amount water diverted to farms. This procedure restricts the beneficial use of water to ETc and does not account for other beneficial uses of water such as leaching, microclimate modification, and water for tillage. Well-established procedures for estimating ETc have been developed over the past two decades [80, 89] and consist of using crop-specific adjustment factors (crop coefficients: Kc) to convert meteorological estimates of environmental evaporative demand, known as reference evapotranspiration (ETos), into accurate estimates of ETc:
The procedure on a district-wide basis first requires that ETc be calculated for each crop. Next, the ETc value for each crop is multiplied by the planted area to determine the total volume of water used by each crop. District-wide ETc is then obtained by summing the water used by each crop with irrigation efficiency computed by dividing the district-wide ETc value by the volume of water diverted to farms.
These methods were used to assess irrigation efficiency of the WMIDD in five-year increments from 1970 through 2010. Reference ET data dating back to 1970 were developed using the ETos data available from the Arizona Meteorological Network (AZMET) [90] to calibrate the temperature-based Hargreaves equation [89] . The Hargreaves equation was used to estimate ETos in this study because the AZMET datasets extend back just 27 years to 1987. Crop coefficient curves were developed for each crop grown in the WMIDD using the procedures recommended by Allen [91] , with adjustments made for the length of the cropping season and the aridity of the local climate.
Crop acreage estimation proved to be the most challenging and potentially limiting factor in estimating district-wide irrigation efficiency using ETc. Acreage estimates provided by the USDA did not agree with the acreage reported by the irrigation districts and the USBR. The WMIDD was chosen for the efficiency assessment because the district maintained better crop data than the other districts and the WMIDD, through direct measurement of drainage, provided a second means of assessing irrigation efficiency. The WMIDD also approximates a closed system. It is not adjacent to the channel of the Colorado River, and all the water going into and out of the district is monitored. There may be some errors associated with sub-surface flows within and into the Gila River, but these would be less than for the Colorado Riparian districts. Yet, even with the WMIDD's better records, the sum of the crop-specific acreage values provided by the district were less than the total number of farmed acres, taking into consideration multiple crop fields. Acreage estimates that are biased downward will transfer that bias to the estimate of irrigation efficiency because the computation divides district-wide ETc by the volume of water diverted to farms. A correction factor was developed to adjust for the low acreage estimate, and a second, adjusted irrigation efficiency was computed. Unadjusted irrigation efficiencies have increased from the upper 40% range in the 1970s to current values in the low to mid-60% range in recent years ( Figure 7) . The peak unadjusted irrigation efficiency was 69% in 1985. The acreage adjustment increased irrigation efficiency from 5% to 14%. Adjusted efficiencies ranged from 52% in 1975 to a peak of 77% in 2010, and have exceeded 70% since 1985, except in 2000 (Figure 9 ).
The adjustment for underreported acreage could itself be biased, providing incorrect estimates of irrigation efficiency. Fortunately, alternative procedures were available and used to assess WMIDD irrigation efficiency. For the management of salt and water tables in the WMIDD, drainage wells are operated, and the water is pumped into a drain for transport to the Santa Clara slough north of the Sea of Cortez. Using data for salt concentrations measured in the irrigation water diverted into the WMIDD and that of the drainage water transported out of this district (courtesy of the USBR), the drainage or leaching fraction (L) can be estimated. This computation is based on a salt balance. Under steady state assumptions: L = Ddw/Diw = Ciw/Cdw, where D = volume of water, C = concentration of salt, iw = irrigation water, and dw = drainage water [92] . (Figure 9 ). The adjustment for underreported acreage could itself be biased, providing incorrect estimates of irrigation efficiency. Fortunately, alternative procedures were available and used to assess WMIDD irrigation efficiency. For the management of salt and water tables in the WMIDD, drainage wells are operated, and the water is pumped into a drain for transport to the Santa Clara slough north of the Sea of Cortez. Using data for salt concentrations measured in the irrigation water diverted into the WMIDD and that of the drainage water transported out of this district (courtesy of the USBR), the drainage or leaching fraction (L) can be estimated. This computation is based on a salt balance. Under steady state assumptions: L = Ddw/Diw = Ciw/Cdw, where D = volume of water, C = concentration of salt, iw = irrigation water, and dw = drainage water [92] . Irrigation efficiency can be reported as a percentage from this computation by subtracting the leaching fractions from 1.0 and multiplying by 100. Irrigation efficiencies obtained this way agree quite closely with the adjusted values presented in Figure 9 , indicating district-wide values approaching 75% on an annual basis ( Figure 10) . Efficiency values obtained from both methods are trending higher in recent years. The decrease in irrigation efficiency that appears each fall presumably reflects the increased drainage associated with establishment of vegetable crops. The efficiency value computed using L should provide a better overall assessment of district-wide irrigation efficiency, because the computation includes all the water entering the district as compared with the ETc-based computation that is based on water diverted to farm fields. A district-wide irrigation efficiency approaching 75% would be considered an excellent value given the fact that growers must always apply water in excess of growing season ETc to leach soluble salts and keep soils productive. Irrigation efficiency can be reported as a percentage from this computation by subtracting the leaching fractions from 1.0 and multiplying by 100. Irrigation efficiencies obtained this way agree quite closely with the adjusted values presented in Figure 9 , indicating district-wide values approaching 75% on an annual basis ( Figure 10) . Efficiency values obtained from both methods are trending higher in recent years. The decrease in irrigation efficiency that appears each fall presumably reflects the increased drainage associated with establishment of vegetable crops. The efficiency value computed using L should provide a better overall assessment of district-wide irrigation efficiency, because the computation includes all the water entering the district as compared with the ETc-based computation that is based on water diverted to farm fields. A district-wide irrigation efficiency approaching 75% would be considered an excellent value given the fact that growers must always apply water in excess of growing season ETc to leach soluble salts and keep soils productive. 
Water-Use Efficiency (WUE)
Crop yields in Yuma have increased significantly over the past 40 years due to improvements in crop genetics, agronomic practices, pest management procedures, tillage systems, and irrigation management technologies. Crop evapotranspiration, as estimated by applying crop coefficients [91] to estimates of environmental evaporative demand known as reference evapotranspiration (ETos), has remained relatively constant over this same period, fluctuating only slightly from year to year based on growing-season weather conditions and minor changes in cropping seasons. The only Yuma crops that have exhibited significant changes in ETc over the past 40 years are cotton and sudangrass, two summer crops that now are primarily grown using a shortened growing season to ensure that the ground can be converted to fall vegetable production in early September. Current cotton and sudangrass systems use significantly less water (ETc) than the long full summer production systems used previously.
Since yields continue to increase and ETc remains nearly unchanged, the WUE of crops grown in Yuma continues to improve. Head lettuce provides the most stellar example of improved WUE. Growers in 2010 produced 2734 pounds of lettuce per acre per inch of ETc, which was more than double the value of 1970 (Figure 11 ). Impressive increases in the WUE of other crops over this same time frame include durum wheat (55%), alfalfa (29%), and cotton (16%). 
Economic Water Productivity (EWP)
Economic water productivity is the monetary value generated from each unit of water consumed [75] . Isolated, crop-specific measures of water use or productivity often ignore the important role of crop rotations and multi-cropping systems agriculture. In Yuma, the shift from perennial and summer-centric crop production to winter-centric, multi-crop systems focused on producing high-value, vegetable crops dramatically increases water economic productivity (Figure 12 ). Gross income per AF of water consumed for wheat alone was $531/AF, which was double that of cotton and alfalfa. After accounting for the acres planted being devoted to a multi-crop system, the economic productivity is several orders of magnitude greater. A wheat/broccoli rotation would generate $2443/AF of water, while wheat/lettuce rotations generate $4505/AF to $5732/AF. Yuma growers have been able to increase their economic water productivity between nine and 21 times by switching to crop rotations. 
Return Flows
Return flows play a unique and crucial role in the U.S.-Mexico border region. First, the United States is required under the 1944 Treaty on Utilization of Waters of the Colorado and Tijuana and of the Rio Grande to deliver 1.5 million acre-feet (MAF) annually of Colorado River water to Mexico, except under certain pre-specified conditions of extreme shortage [94, 95] . Throughout the Valley Division of the Yuma Project, an open network of drains receives return flows as well as water pumped from wells along the Valley's east side. These wells lower the Valley's groundwater table, alleviating problems of high water tables. The drain system terminates at the Boundary Pumping Plant at the International Boundary with Mexico at San Luis, Arizona. This drain water, about 85,000 AF per year (AFY) combined with an additional 20,000 AFY pumped from a USBR well field (approximately 20,000 AFY) is pumped into a canal in Mexico and is counted as part of the 1944 Treaty's obligation to Mexico. Water delivered to Mexico supports a $280 million agricultural industry in the Mexicali Valley [96] .
Return flows also serve important ecological functions. In the 1970s, the disposal of agricultural drain water by the WMIIDD inadvertently created the Cienega de Santa Clara [97] . At 5635 ha, it is largest brackish marsh in the Sonoran Desert, and the WMIIDD supplies 95% of the Cienega's water [98] . The Cienega is a major wintering and stopover site for migratory birds on the Pacific Flyway. It also supports the largest remaining breeding population of the endangered Yuma clapper rail (Rallus longirostris yumanensis) on the Lower Colorado River [97] . While some aquatic habitats created with 
Return flows also serve important ecological functions. In the 1970s, the disposal of agricultural drain water by the WMIIDD inadvertently created the Cienega de Santa Clara [97] . At 5635 ha, it is largest brackish marsh in the Sonoran Desert, and the WMIIDD supplies 95% of the Cienega's water [98] . The Cienega is a major wintering and stopover site for migratory birds on the Pacific Flyway. It also supports the largest remaining breeding population of the endangered Yuma clapper rail (Rallus longirostris yumanensis) on the Lower Colorado River [97] . While some aquatic habitats created with agricultural drain water have had environmental problems [97] , to date, the Cienega appears to be functioning sustainably in terms of vegetation, hydrology, and habitat value [97, 98] .
Some proposals for the ecological restoration of the Colorado River Delta in Mexico have called for the fallowing of the WMIDD (and other area) agricultural land [99, 100] or increased irrigation efficiency (IE) [99] [100] [101] [102] [103] to increase environmental water deliveries to the Delta. Yet, it has been pointed out that such policies, by reducing agricultural return flows, would actually "reduce or even eliminate flows to the Cienega de Santa Clara" [104] (p. 49) and other aquatic habitats of the Delta [104] . Scholars working on the ecological restoration of the Colorado Delta have begun to take a more nuanced view toward the ecological benefits of agricultural return flows, recognizing that reducing the water diverted for Yuma agriculture and increasing the water taken up by the crop in ETc can mean less water available for ecosystem services [104] . In short, what has been characterized as "inefficiencies" actually makes the ecosystem "better off" (p. 49) [104] . Ecosystem services, in turn, have attendant economic benefits [65, 105] .
Discussion
Both economic theory and empirical findings suggest that reliance on gravity-flow irrigation is determined by its profitability relative to sprinkler and drip systems. Profitability, in turn, depends largely on location-specific factors such as land characteristics, climate, and water costs. The appropriateness of gravity systems therefore depends on local context. Given Yuma's combination of land characteristics, climate, and access to relatively inexpensive and dependable surface water, as economic theory would predict, growers there rely heavily on gravity systems. The adoption of gravity or pressurized systems is not a simple either-or dichotomy. In Arizona and California, about 20% of irrigated acres make use of more than one technology. In Yuma, growers have adopted sprinklers where they have made economic sense. While they have experimented with drip systems on produce on a limited scale, in many cases, except melons, it has been discontinued because it provided no production or economic advantages.
Gravity systems have been derided as inefficient, and many have advocated for policies to encourage a switch to pressurized systems to conserve water. Yet, a host of modeling studies and empirical counter-examples suggest improving on-farm irrigation efficiency need not conserve water and can actually increase water consumption. This is especially true if the adoption of pressurized systems increases irrigated acreage.
Agriculture in Yuma transformed itself from perennial and summer-centric crop production systems to winter-centric, multi-crop systems that focus on high-value vegetable crops, making Yuma one of the world's most productive and profitable agricultural areas. To achieve this transformation, Yuma growers have made extensive changes in irrigation technologies, changes in production practices, and investments in irrigation infrastructure. These innovations have led to improvements in a host of water-use efficiency factors, including on-farm and district-level irrigation efficiency, water-use efficiency, and economic water productivity. Due to the shift to vegetable crops, economic water productivity increased. These changes have led to actual, overall water conservation. Yuma is a unique agronomic area, so it may be difficult to replicate its success in other areas [7] . Yet, the case study of Yuma illustrates that growers can and do make a host of innovative adaptations in gravity-based systems when there are economic incentives to do so.
Finally, there are beneficial uses of water that may not be imbedded into some standard measures of irrigation efficiency as ETc as a share of water applied to a crop. Such benefits include salt removal (leaching), climate control, soil preparation, and water harvested in the crop (e.g., water contained in harvested melons, produce, etc.) [76] . Return flows satisfy the U.S. treaty obligation to supply Colorado River water to Mexico, providing agricultural, recreational, and fishing benefits to Mexico [65, 96, 105] , and maintaining the health of the riparian habitat of Mexico's Colorado River Delta [93, 94, 100] . Again, circumstances are unique in the Yuma/Colorado Delta area, but there is evidence elsewhere that return flows, rather than a measure of wastefulness, provide valuable ecological services [7, 62, 63] .
Concluding Remarks
The efficiency of water use and irrigation methods will be of heightened interest as competition for water resources and the need to feed an ever-growing population continue. As the Yuma case study demonstrates, examination of the full context for local water use is critical to understanding the irrigation methods that are selected by farmers. One size rarely fits all, and sophisticated irrigated agriculture in the southwestern United States is no exception. 
